Abstract: Adsorption processes of Cd(II) and Pb(II) from aqueous solutions onto pumice stone powder (PSP) were investigated in batch mode. The influences of solution pH, contact time, adsorbent dosage, initial metal (M) concentration, and temperature on adsorption process were investigated. The kinetic and isotherm data were analysed using different model equations. 
Introduction
The increase in population growth and industrialisation has resulted in deterioration of both surface and ground water. The growth of metal use in industries has culminated in significant amounts of toxic heavy metals being deposited into the environment causing biosphere poisoning.
1 Heavy metal pollution of water is mainly due to discharges from electroplating metal and finishing industries. 2 Some of these metallic pollutants can be used as essential nutrients for both plants and animals but only if they are within the tolerance limits. 3 Removal of heavy metals is of great importance especially in industrial aquatic effluents. Metals such as cadmium, lead, chromium, and mercury are toxic to aquatic flora, animals, and humans if they exceed their tolerance limit.
Environmental Protection Agency's permissible Pb(II) level in wastewaters is 0.05 mg L −1 . 15 Hence, it is sensible to comply with the recommended limits before disposing wastewaters into major sinks to safeguard the environment and human health.
Metal removal from these areas has been subject to research and various methods have been developed so as to alleviate this threat to the environment. While heavy metal removal from waste effluent can be done by conventional processes such as solvent extraction, chemical precipitation, membrane technology, ion exchange, flotation, and coagulation each treatment process has its inherent limitations. 16 As efficient as these methods are, there is need for invention of cost effective alternative methods. Of these alternative methods, adsorption is one of the most cost effective methods for removal of the heavy metal ions in aqueous media. 1, 17 Adsorption has several advantages over other processes such as a wide range of target pollutants, high adsorption capacity, and possibly selective adsorbent. There is increased interest among researchers towards the development of adsorbents that can be used as alternatives for commercial adsorbents.
Activated carbon has been widely used due to its large surface area, surface reactivity, and high adsorption capacity. 18 However, its expensive production cost makes it economically inefficient; thus there is a need for alternative adsorbents. The search for new alternative cost-effective adsorbents that have good metal capacities has increased and this has resulted in the discovery of cheaper adsorbents such as fly ash, coal, wool wastes, silica gel, agricultural wastes, clay minerals, and wood wastes. 3 These materials can be utilised as sorbents with little processing, thus assisting its economic value and assisting the industries to reduce costs of waste disposal and thus provide activated carbon alternatives.
1
Pumice is one of the materials that can be employed in removing pollutants such as metals from water bodies or aqueous solutions. 1 Pumice is a very light, highly porous volcanic stone with a microporous structure, which gives it a high surface area. 19 Pumice stone has a basic or acidic character and high silica content, making it abrasive. High porosity and its richness in alumina and silica makes volcanic pumice rock a promising and potential candidate as an adsorbent. 17 The highly porous structure of pumice gives it a large surface area, which avoids the preliminary calcination step, which consumes large amounts of energy, and it can float in water due to its low density. 19 Research done on pumice has shown that it is ideal for impregnated metals on surface and thus can be used for removal of recalcitrant pollutants such as heavy metals. Pumice has a large proportion of silica sites, which gives it a negatively charged surface, and it has a large number of open sites, which allow water and ions to move in and out of the crystal structure. It also has a structure that enables molecules and ions to move and reside within the overall framework as the structure contains open chains allowing ions and water to travel into and out of the crystal structure. 4 Pumice rock is so light such that it floats on water and has proved to be effective in phosphate ion removal from water. However, to improve its absorption properties, pumice can be acidified to reduce negative charges on the adsorbent surface.
1,3
The focus of this present study was to explore the applicability and feasibility of adsorption of Pb (II) and Cd(II) ions onto alkaline-modified pumice stones powder. The investigation was conducted through batch adsorption experiments with solution pH, contact time, adsorbent dosage, initial metal concentration, and concentration of the medium as independent variables.
Results and discussion

Effect of sorption parameters
Effect of pH
The solution pH affects metal adsorption onto an adsorbent. 20 The H + ions strongly compete with the adsorbate. The results of pH investigations are presented in Figure 1 . 
Effect of adsorbent dosage
The adsorbent dosage in adsorption studies determines the capacity of an adsorbent for a specified initial concentration. 21 The effect of PSP dosage on the uptake of Pb(II) and Cd(II) is shown in Figure 2 
Effect of contact time
The effects of contact time on the percentage removal of Pb(II) and Cd(II) ions from aqueous solution are presented in Figure 3 .
The profile plots show the percentage removal increasing with increase in time, reaching a maximum of 92.39% for Pb(II) after 100 min and 82.69% for Cd(II) after 140 min. Adsorption efficiency was fast in the first 100 min. This can be attributed to availability of vacant larger surface area binding sites. Beyond the optimum, a further increase in contact time showed no apparent effect on metal ions percentage removal. 
Effect of initial metal concentration
The efficiency and feasibility of an adsorption process also depend on concentration of aqueous metal ions. The influence of initial concentration on adsorption process was investigated within the concentration range 10-50 mg L −1 ( Figure 4 ). There was a notable decrease in the removal of M(II) ions from 96.25% to 69.69% for Pb(II) and from 90.05% to 43.62% for Cd(II) ions as the initial concentration of the metal ions in solution was increased from 10 to 50 mg L −1 . At lower concentrations, most of the metal ions in solution interact with the adsorbent active sites and hence a higher percentage removal. 2 As the initial concentration is increased, the active sites become saturated and most of the metal ions remain unadsorbed.
Effect of temperature
The adsorption of M(II) on PSP was investigated with respect to temperature in the range of 20-50 • C ( Figure   5 ). The adsorption efficiency of the adsorbent increased for both metal ions with increase in temperature up to 50
• C, showing endothermic behaviour of the sorption process. The increase in aqueous media temperature enhances the interaction of metal ions with adsorbent as the activation energy barrier for adsorption process is overcome. A temperature of 20 • C was however employed for further adsorption studies. 
Adsorption isotherms
The nature of the interaction between the adsorbate and adsorbent is determined by adsorption isotherms. In the current study, the Langmuir 22 and Freundlich 23 isotherms were applied to the experimental data.
The convergent linear form of the Temkin isotherm is expressed as
where
, T is the absolute temperature (Kelvin), and R is the universal gas constant (J mol
is the Temkin constant related to the heat of adsorption and K T is the equilibrium binding constant (L mg −1 )
corresponding to the maximum binding energy. The Temkin model had lower coefficients of determinations at the four temperatures relative to other investigated models (Table 1) . Hence, it could be inferred that the removal process was better modelled by monolayer compared to multilayer adsorption. The linearized form of the Langmuir isotherm model is given as
where q e is the amount of metal ions adsorbed at equilibrium, q max is the adsorption capacity (mg g
is the equilibrium concentration, and b is the equilibrium Langmuir constant. q max and b (Table 1) were estimated from the intercept and slope of a plot of 1/q e versus 1/C e (Figure 6a ), respectively.
The linearized form of the Freundlich adsorption isotherm model is given by
where q e (mg g −1 ) is the amount of M(II) ion adsorbed at equilibrium, K F (mg g −1 ) is the adsorption capacity, n is the adsorption intensity and C e (mg L −1 ) is the concentration at equilibrium. n and K F were estimated from the slope and intercept of plot of ln q e versus ln C e (Figure 6b ), respectively. The values of n ( chemisorption processes. Overall, the Langmuir isotherm model correlation coefficients were significantly closer to unity relative to those of the Freundlich isotherm model (Table 1) . Moreover, the chi square values for the Langmuir model were lower relative to Freundlich, indicating that Langmuir isotherm model best fitted the experimental data. The maximum adsorption capacities of the adsorbent for Pb(II) and Cd(II) were 28.09 and 27.17 mg g −1 , respectively. Table 2 shows maximum adsorption capacities comparison between PSP and other adsorbents. 
Adsorption kinetics
The adsorption kinetics was investigated using two kinetic models, Lagergren's pseudo-first-order model and Ho and Mckay's pseudo-second-order model.
The pseudo-first-order kinetic model is expressed in linear form as log (q e −q t ) = log q e − t.k 1 
(4)
where q e and q t are the amount of M(II) adsorbed (mg g −1 ) onto PSP at equilibrium and at any time t, respectively, k 1 (min −1 ) is the pseudo-first-order kinetic model rate constant, and t is the time (min). A plot of log (q e − q t ) versus t gave the values of k 1 from the slope and q e from the intercept. The results for the pseudo-first-order kinetic model are presented in Figure 7a and The kinetic data were further analysed using the pseudo-second-order model. The kinetic model is presented in the linear form as follows:
where k 2 is the rate constant at equilibrium (g mg −1 min −1 ). The values of k 2 and q e were estimated from the intercept and slope of the plot of (t/q t ) versus t, respectively (Figure 7b ). The adsorption pseudo-second-order kinetic data are presented in Table 3 . The pseudo-second-order kinetic model correlation coefficients are all close to unity (R 2 > 0.98), suggesting the suitability of the model to explain the kinetics. Furthermore, the q e,cal value (mg g −1 ) was found to be in better agreement with the q e,exp value (9.61 mg g −1 ) relative to those of the pseudo-first-order kinetic model.
Adsorption thermodynamics
To understand the thermodynamic behaviour of the M(II) adsorption onto PSP, thermodynamic parameters such as standard Gibb's free energy change ( ∆G • ), entropy change ( ∆S • ), and enthalpy change ( ∆ H • ) were calculated from the following equations:
where R is the ideal gas constant, T is the temperature (K), and K c is the thermodynamic equilibrium constant. show the endothermic behaviour of the adsorption process. 
Desorption studies
The desorption results of Pb(II) and Cd(II) by using HCl solution are presented in Figure 8 . Desorption studies were conducted to determine the regeneration potential of regenerating the spent adsorbent using 0.05, 0.1, 0. 
Materials and methods
Preparation of adsorbent
Pumice stones were obtained from Mutare, Zimbabwe. The collected pumice stones were washed with tap water several times followed by distilled water before being soaked in 0.1 M HCl to remove acid soluble impurities. Excess acid was removed by further washing several times with distilled water. Drying at 55
• C in an oven for 24 h removed most of the moisture. The dried stones were crushed to powder, which was further treated with 0.1 M NaOH for 24 h. The alkaline-treated material was oven dried at 55
• C for 72 h, crushed, and sieved through a 180-µ m sieve.
Preparation of metal ion solutions
Stock solutions of Pb(II) and Cd(II) ions were prepared from pure analytical grade Pb(NO 3 ) 2 and Cd(NO 3 ) 2 by weighing 1.5987 g and 2.1 g, respectively, into separate 1000-mL volumetric flasks and topping up to the mark with distilled water. The solutions were stirred to obtain homogeneous stock solutions. Different concentrations of the metal solutions were prepared by serial dilution of the stock solutions. pH was measured using a Crison 2001 micropH (Spain). pH of the solution was adjusted using either 1 M HNO 3 or 1 M NaOH.
Adsorption experiments
The adsorption efficiency of pumice stone powder (PSP) for Pb(II) and Cd(II) ions was investigated with respect 
The amount of metal adsorbed by the adsorbent was calculated using Eq. (2):
where q e (mg g −1 ) is the amount of Pb(II) or Cd(II) adsorbed by PSP, C 0 and C e are the metal concentrations (mg L −1 ) in the solution initially and after adsorption, respectively, V is the volume (L) of the solution, and m is the mass (g) of adsorbent used in the experiment.
Error analysis
The chi square ( χ 2 ) tests were adopted to determine the suitability of the isotherm model with respect to the experimental data. The χ 2 equation is as follows:
where q e (mg g −1 ) is the experimental equilibrium capacity and q e,m (mg g −1 ) is the equilibrium capacity obtained from the model.
Desorption studies
PSP (0.6 g) was added to a 250-mL Erlenmeyer flask containing 100 mL of M(II) ions at a solution pH of 5.0 and solution temperature of 20
• C. The mixture was shaken at 150 rpm for 100 min. Thereafter, the adsorbent was filtered and used for desorption studies. The filtrate was analysed on FAAS for M(II) concentration to determine the amount adsorbed onto the adsorbent. In the desorption experiments, 50 mL of different HCl concentrations was added to the filtered and preweighed adsorbent. The mixture was shaken at 150 rpm for 100 min at 20
• C. The adsorbent was then filtered and the filtrate analysed for the desorbed Pb(II) ions concentration. The adsorption-desorption cycles were repeated six times by treating the adsorbent used with a preoptimised eluent (HCl) concentration (0.2 M).
